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 Ternary blends of diesel–biodiesel–ethanol droplet resulted in smooth burning puffing and micro-emulsion.
 Identified favourable composition of the blend that leads to micro-explosion of the droplet.
 Observed micro-explosion of secondary droplets resulted from puffing and explosion.a r t i c l e i n f o
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Diesel–biodiesel–ethanol blendsa b s t r a c t
The puffing and micro-explosion of a single burning droplet comprised of neat diesel, rapeseed methyl
ester (RME); binary fuel mixtures of diesel–ethanol, diesel–RME, RME–ethanol; and ternary microemul-
sion of these fuel blends at various compositions have been studied using high speed backlight imaging
method. Fuel droplet was suspended on the tip of a 130 lm gauge thermocouple and it was ignited using
a glow plug heater. Based on the temporal variation of droplet projected area, the characteristics of fuel
droplets studied were classified into smooth burning, puffing and explosion. A ternary plot has been pro-
posed to identify the mixture composition of the blends that can result in smooth burning, puffing and
explosion. Micro-explosion phenomenon was observed in the ternary blends with ethanol percentages
between 10% and 40%. Secondary droplets resulted from the puffing and explosion of suspended parent
droplet were observed to undergo further explosion. The time scales associated with complete disintegra-
tion of secondary droplets are found to be comparable to the mixing and the chemical reaction time
scales of sprays in diesel engines.
 2015 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
In recent times, search for alternative fuels has been intensified
due to depleting fossil fuel reserves and environmental impacts.
With the increasing concern of the environment and more strin-
gent regulations on exhaust emissions, the reduction in engine
emissions is a major research objective for engine development.
Ethanol is an attractive alternative fuel because it can be a renew-
able bio-based resource and it has hydroxyl group, thereby provid-
ing the potential to reduce particulate emissions in compression
ignition (CI) engines. Complete replacement of diesel with ethanol
for CI engines is not a feasible solution due to differences in phys-
ical and chemical properties, which affects injection and combus-
tion processes. Blending ethanol with diesel not only eliminates
the modifications to the engine fuelling and combustion systemsbut also the reduction of carbon atoms in the fuel molecule helps
in reducing soot emissions. However, due to poor miscibility of
ethanol in diesel, only small amounts of ethanol (less than 5 vol.
%) will form stable solution [1]. To prevent separation and to
increase the ethanol content in diesel, a surfactant or an emulsifier
should be used [2–5]. Fatty Acid Methyl Esters (FAME) could also
be used as an amphiphile (a surface-active agent) to stabilize
ethanol and diesel blends [2,6–11]. Oxygenated biofuels are also
considered as one of the alternatives for CI engines [12–14]. Biodie-
sels are derived from biodegradable materials that can significantly
reduce toxic emissions and the overall life cycle emission of carbon
dioxide when burned as a fuel. Biodiesel contains FAME which
could play emulsifier role when mixed with diesel–ethanol blends.
Renewable nature of both ethanol and biodiesel makes diesel–bio
diesel–ethanol blends a promising alternative fuel for diesel
engines. Presence of biodiesel compensates the effect of ethanol
on viscosity, density and lubricity of the ternary blended fuel
[15]. In a detailed study on solubility of the diesel–biodiesel–etha
nol blends, Kwanchareon et al. [7] concluded that water content
Fig. 1. Schematic of the experimental setup where droplet suspended on the
thermocouple junction was ignited and back illuminated images of burning droplet
were captured using high speed camera.
Table 1
Composition of binary fuels blends used in the study.
Diesel (%) RME (%) Ethanol (%)
D90E10 90 0 10
D75E25 75 0 25
D50E50 50 0 50
BD90E10 0 90 10
BD75E25 0 75 25
BD50E50 0 50 50
BD25E75 0 25 75
Table 2
Composition of ternary fuels blends used in the study.
Diesel (%) RME (%) Ethanol (%)
D80BD10E10 80 10 10
D70BD20E10 70 20 10
D60BD30E10 60 30 10
D50BD40E10 50 40 10
D80BD15E5 80 15 5
D90BD5E5 90 5 5
D70BD10E20 70 10 20
D60BD20E20 60 20 20
D50BD30E20 50 30 20
Fig. 2. Image sequence at random intervals, showing various phenomenon in combustion
burning while flame and droplet oscillate in case of puffing. Droplet disintegrates and li
60 M.M. Avulapati et al. / Fuel 166 (2016) 59–66in the ethanol triggers phase separation in blends. Hence, anhy-
drous ethanol should be used for better stability.
Studies have established that multicomponent fuel droplets
with vastly different volatile components can explode violently
during combustion [16,17]. During vaporisation or combustion of
multicomponent fuel droplet, higher volatile fractions can reach
thermodynamically metastable superheat temperatures and leads
to bubble nucleation. Rapid expansion of the vapour inside the dro-
plet results in either total or partial disintegration of the parent
droplet. If the whole droplets disintegrate into smaller droplets
this phenomenon is termed as ‘micro-explosion’ and it is termed
‘puffing’ in the event of vapour blowing out of the droplet surface
along with fine stream of droplets [18]. Micro-explosion and puff-
ing are beneficial in fuel sprays as it aids secondary atomization
and there by enhances mixing of dispersed fuel spray [18].
Micro-explosion phenomenon has been observed in the water–
diesel micro-emulsion fuels [19–25]. These studies show that the
size and distribution of emulsion water droplets inside the parent
diesel droplet affects micro-explosion significantly. Very limited
studies in the literature are focused on studying micro-explosion
in fuel droplets of diesel–biodiesel–ethanol blends [16].
This study focuses on exploring puffing and micro-explosion
phenomenon using suspended droplets of diesel–biodiesel–
ethanol blends. Various compositions of three fuels were
studied to identify the composition that favours puffing and
micro-explosion.Diesel (%) RME (%) Ethanol (%)
D70BD5E25 70 5 25
D50BD25E25 50 25 25
D60BD10E30 60 10 30
D35BD35E30 35 35 30
D50BD10E40 50 10 40
D55BD5E40 55 5 40
D40BD20E40 40 20 40
D40BD10E50 40 10 50
D30BD10E60 30 10 60
of micro emulsion droplets. No oscillations to the flame or droplet in case of smooth
fts the flame in case of explosion.
Fig. 3. High speed back illuminated images of burning droplet showing puffing and micro-explosion. Puffing images represents the phenomenon at random intervals whereas
time interval from the start of micro-explosion is shown on the corresponding images.
Fig. 4. Typical droplet size distribution after puffing and explosion events. Droplets distribution is similar in both cases with small probability of larger droplets from puffing
compared to micro-explosion.
Fig. 5. Variation of droplet projected area with time for (a) pure fuels and (b) binary blends. Pure fuels and diesel–RME binary were observed to burn smoothly without
significant oscillations to the droplet area. Whereas diesel–ethanol binary blends were observed to micro-explode. Puffing was observed in RME–Ethanol blends.
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Fig. 7. Temporal variation of droplet projected area for a ternary micro emulsion of
P40% ethanol. Transitional behaviour from micro explosion to puffing was
observed at 40% ethanol with some of the microemulsions showing both puffing
and micro explosion. Puffing is predominant in case of microemulsions containing
more than 40% ethanol.
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2.1. Instrumentation
In the present experimental setup, fuel droplet was placed on
the tip of thermocouple using a micro-pipette and the droplet
was ignited using a glow plug heater. Evolution of the back illumi-
nated burning droplet was observed using a high speed camera
(Photron SA X-2). Images were recorded at 4000 frames/s (fps)
with an exposure of 25 ls to observe the changes occurring to
the projected area of droplet over its life time. To observe puffing
and explosion phenomenon closely, different set of images were
taken at a frame rate of 50,000 fps and the camera exposure time
was set to 5-ls. The schematic of the experimental setup used in
this study is shown in Fig. 1. Thermocouple of wire gauge
130 lm was used in all experiments. Fuel droplet on the thermo-
couple was made up of approximately 1.5 ll liquid which corre-
sponds to a droplet diameter of 1.55 mm. However, the actual
droplet size suspended on the thermocouple varied between
1 mm and 1.5 mm due to differences in fuel surface tension. The
approach of suspending droplet on a thin thermocouple has been
used in literature to study droplet evaporation and micro-
explosion in other studies. The size of the thermocouple lead is
1/10th of the droplet size, Thermocouple itself did not initiate
nucleation or puffing or the micro-explosion. Mura et al. [20] con-
cluded that thermocouple did not influence the micro-explosion of
water-diesel emulsion droplet.
2.2. Fuels preparation
Fuel emulsions of various mixture proportions were prepared
using a magnetic stirrer at a temperature of 25 C. Emulsions were
prepared on the basis of mass ratio by weighing individual compo-
nents of the emulsions using a digital mass balance with a second
decimal accuracy. Macroemulsion is a mixture of two immiscible
liquids with one liquid dispersed in the form of droplets of diame-
ter greater than 0.1 lm in the other liquid [26]. Macro emulsion is
turbid, milky and unstable solution which will separate into two
original liquids with time. Whereas microemulsion is a clear, ther-
modynamically stable dispersion of two immiscible liquids along
with appropriate surfactants. The dispersed phase is distributedFig. 6. Temporal variation of droplet projected area for a ternary micro emulsion of (a)
burning are predominant for the micro emulsion with ethanol contentment up to 10% wh
between 10% and 40%.in the form of small droplets with the diameter in the range of
100–1000 Å [26]. Diesel–ethanol blends formed macroemulsions,
whereas all other mixture compositions seemed to form
microemulsions. From the appearance of the blends, diesel–etha-
nol mixtures were milky macro emulsion while the ternary mix-
tures were a clear see through solution where of dispersed phase
smaller than wave length of visible light. A list of binary and tern-
ary fuel blends used in the study is indicated in Tables 1 and 2
respectively, along with their composition. In the nomenclature
of blends, ‘D’ represents diesel, ‘BD’ represents RME bio-diesel
and ethanol is represented as ‘E’. Number subsequent to the corre-
sponding alphabet indicates the percentage of that fuel in the
blend.up to 10% of ethanol and (b) between 10% and 40% of ethanol. Puffing and smooth
ereas droplets are observed to undergo micro explosion when the ethanol content is
Fig. 8. Ternary plot showing behaviour of diesel–RME–ethanol burning droplet. Blends with ethanol percentage between 10% and 40% are favourable for droplet explosion.
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In the present study, binary blends of diesel–ethanol, diesel–
RME, and RME–ethanol along with ternary microemulsions of all
the above fuels at various proportions were studied. It was
observed that diesel–ethanol binary mixtures were unstable and
tend to separate beyond 10% of ethanol by mass in diesel without
an emulsifying agent. However, such separation was not observed
in RME–ethanol, diesel–RME and ternary mixtures. Adding RME to
the diesel–ethanol mixtures resulted in a stable and clear
microemulsion, otherwise unstable, milky emulsions. This shows
that fatty acids in RME act as surfactant, which aids in the forma-
tion of a stable microemulsion.
3.1. Puffing and micro explosion of droplet
Experiments were performed using various fuels of different
composition. The distance between heating filament and the
droplet was maintained at about 2 mm to ignite the droplets
smoothly without contact. The time lapse between starting of
heating element and ignition of droplet was observed to vary
between 1 and 1.5 s based on the composition of fuel. Three types
of droplet burning phenomena are observed, viz. smooth burning,
puffing and explosion. Fig. 2 shows instantaneous images of differ-
ent phenomenon occurring at random intervals of droplet burning.
In case of smooth burning, droplets ignite and continue to burn
without any significant oscillations to droplet or flame until the
entire amount of fuel in the droplet was consumed. Where as in
puffing, violent oscillation of the droplet and the flame was
observed. These oscillations were due to continuous puffing of fuel
vapours from inside of the droplet, which can be observed in the
high speed back illuminated images shown in Fig. 3. These fuel
vapour jets create strong perturbations to the flame around the
droplet. However, the intensity of this puffing was not enough to
break-up the droplet. The burning phenomenon was termed asmicro-explosion when the parent droplet suddenly disintegrates
into much smaller multiple droplets as shown in Fig. 2. The fuel
droplet ignites and burns smoothly before exploding into smaller
droplets which further ignite and burn on their path even after
break-up.
Instantaneous images taken at 50,000 fps with an exposure
time of 5 ls using a high intensity back lighting arrangement are
shown in Fig. 3. Images represent corresponding phenomenon of
puffing at random time intervals. During puffing, bulging of the
droplet due to evaporation and expansion of high volatile fuel com-
ponents was observed. Ejection of vapour from the droplet resulted
in various intensity puffs, spewing droplets of various sizes in all
directions. Some puffs were strong enough to create a local explo-
sion on the droplet surface, leaving behind partially exploded par-
ent droplet along with generation of multiple size secondary
droplets. In the experiments, it was observed that the secondary
fuel droplets resulted from the puffing underwent further explo-
sion or puffing which will be discussed in the next section. The
explosion phenomenon occurs almost instantaneously and shat-
ters the droplet completely as shown in Fig. 3. Before explosion,
droplet did not show any bulging due to internal evaporation as
in case of puffing. However, explosion starts like a strong puff on
one side of the droplets and shatters it into a thin sheet which fur-
ther breaks into several small size secondary droplets. The inten-
sity of explosion was strong and this resulted in the formation of
several compression and expansion waves, their structures were
clearly observed on the liquid sheet.
Size of the secondary droplets resulted from a typical event of
puffing and micro explosion were obtained using image processing
tool box of Matlab software. The size distributions of secondary
droplets (normalized by initial size) are shown in Fig. 4. Most of
the secondary droplets were below 1/10 of the size compared to
the parent droplet. Secondary droplet size distribution for both
the events appears to be similar with a small probability of larger
droplets in case of puffing.
(a) Sequence of explosion of primary droplet  
(b) Image sequence of micro explosion of larger (~300 µm) secondary droplet
(c) Image sequence of micro explosion of smaller (~80 µm) secondary droplet 
Fig. 9. Image sequence showing micro-explosion of secondary droplets resulting from the explosion of suspended droplets. Micro-explosion of droplets start as strong puffing
making droplet bag or sheet like structure before it breaks up into smaller droplets.
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burning droplet taken at 4000 fps were analysed for evaluating the
variation in droplet projected area. Images were first converted to
grayscale and then binarised. Droplet projected area was computed
using these binarised images. The time at which droplet com-
pletely burns or disappears from field of view in case of explosion
was considered as time ‘0’ and images up to 2000 ms before were
considered for area computations. The computed area was nor-
malised using initial area of the droplet (A/A0) and plotted with
time in Figs. 5–7. For pure fuels, i.e. diesel, RME and ethanol, dro-
plet area reduces smoothly without any significant oscillations as
shown in Fig. 5(a). Hence, it shows that these fuels burn smoothly
without any puffing or explosions. It should be noted that thevariation in initial droplet size and the presence of thermocouple
at the end of droplet burning results in non-zero and non-
uniform end points on the plots. Marginal increase in the area ratio
initially was due to change in droplet shape due to change in sur-
face tension of fuel droplet because of rise in temperature. Fig. 5(b)
represents variation of normalised droplet area for binary blends.
Sharp spikes on the curve indicate intense puffing whereas sudden
dip in the curve represent partial or total explosion of the droplet.
Mixing diesel in RME or ethanol in RME up to 25% did not show any
significant puffing or explosion. However, equal mixture of RME
and ethanol exhibited puffing behaviour. This shows that signifi-
cant amount of ethanol was required for rapid expansion of bub-
bles inside a RME droplet for puffing. Results also indicate that
M.M. Avulapati et al. / Fuel 166 (2016) 59–66 65even adding small amount of ethanol (10%) to diesel results in
explosion. However, as mentioned earlier, diesel, ethanol binary
mixtures form highly unstable macroemulsions.
Experimental results for the ternary micro-emulsion of diesel,
RME and ethanol at different proportions are presented in Figs. 6
and 7. Droplet area for the ternary micro-emulsion blends with less
than or equal to 10% ethanol content is shown in Fig. 6(a). It shows
that most of these blends exhibit puffing behaviour though none of
them showed any tendency towards explosion. This might be due
to the fact that the amount of ethanol in these blends was not
enough to explode the droplet by rapid evaporation. All of the
blends with ethanol percentages between 10% and 40% considered
in this study showed explosion behaviour as shown in Fig. 6(b).
Most of the droplets explode suddenly without any significant bul-
ging or puffing of the droplets. This indicates that evaporation of
ethanol occurs rapidly enough to shatter the droplets. Increasing
the ethanol percentage beyond 40% in the mixture composition
was not favourable for explosion as shown in Fig. 7. Droplets of
the ternary mixture with 50% diesel, 10% RME and 40% ethanol
did not show a consistent trend. Droplets exhibited puffing in
one instance and explosion when repeated. A similar behaviour
was observed with 60% diesel, 30% RME and 10% ethanol. This
shows that transition between micro-explosion to puffing occurs
at around the lower and higher limits of 10% and 40% of ethanol
distribution inside the droplet.
A summary of the burning behaviour of fuel blend droplets stud-
ied are represented in a ternary plot and is shown as Fig. 8. The plot
clearly indicates the existence of a critical region that is favourable
for droplet explosion with ethanol concentrations varying between
10% and 40% in the ternary microemulsion blend. Reducing or
increasing ethanol content drives droplet towards puffing beha-
viour or smooth burning in some cases. Two of the ternary blends
studied viz. D60BD30E10 and D50BD10E40 showed both tenden-
cies of puffing as well as micro-explosion indicating a transition
between the droplet burning phenomenon around these concentra-
tions. All three pure fuels i.e. diesel, RME and ethanol showed
smooth burning behaviour. Mixing ethanol or diesel in RME up to
25% did not show any difference in the burning behaviour of these
fuels. However, 50% ethanol or diesel in RME resulted in puffing of
droplets. Diesel–ethanol binary blends showed micro-explosion at
ethanol concentration as low as 10%. However, these blends were
very unstable macroemulsions and they tend to separate into two
distinct phase over a time period. Non-exhibition of explosion of
droplet with stable binary blends (diesel–RME, RME–ethanol) indi-
cate that all three fuel components are required to make a stable
microemulsion that favour micro-explosion.
3.2. Micro explosion of secondary droplets
Several interesting cascades of secondary and tertiary break up
of droplets were observed from puffing or explosion of parent dro-
plet. Fig. 9(a) shows the primary explosion of the parent droplet.
The droplets formed after primary explosion are encircled, which
were one and two orders of magnitude smaller than the parent
droplet, these droplets were continuously imaged as they under-
went further micro-explosion. Sequences of the secondary explo-
sion occurring for these two droplets are shown in Fig. 9
(b) and (c) respectively. An initial droplet of the size approximately
1.4 mm undergoes a series of puffing and explosions to disinte-
grate into various sizes of droplets as shown in Fig. 9(a). Two encir-
cled secondary droplets of the size 300 lm and 80 lm are
observed to explode further as shown in Fig. 9(b) and (c)
respectively. For both the droplets, explosion started from a strong
puffing of vapour in random direction and transformed the droplet
into thin liquid sheet of bag like structure which further disinte-
grated into smaller droplets. This revealed that the way themicro-explosion occurred in these free falling droplets was exactly
similar to the way it happened to the suspended parent droplet.
Droplets resulted from the explosion of primary and secondary
droplets are of wider size range and some of these droplets closer
to droplet sizes in diesel spray, which also observed to undergo fur-
ther micro-explosion. The time scale of this event was of the order
of micro seconds and it appears to depend on the size of droplet,
with smaller droplets needing lesser time for complete disintegra-
tion. The observed time scales indicate that these microscopic
events occur in the order of ‘ls’, similar to the time scales encoun-
tered in diesel engines, thus it is evident that micro-explosion is
eminent when ternary mixtures are used in engines.4. Conclusions
A systematic experimental study was carried out on a burning
droplet of diesel, rapeseed methyl ester (RME), and ethanol blends
to study the micro-explosion phenomena. Fuel droplet suspended
on a thermocouple was ignited and observed using high-speed
shadow imaging. Based on experiments, the burning of the fuel
droplets studied were classified into smooth burning, puffing and
explosion. The behaviour of all the blends studied has been repre-
sented on a ternary plot to identify conditions for micro-
explosion. It was observed that the presence of ethanol content
between 10% and 40% in the blend favoured micro-explosion.
Higher or lower percentages of ethanol beyond this range resulted
in puffing of the fuel droplet. Micro-explosion was not observed in
binary blends of RME and ethanol even at ethanol percentage as
high as 50%. Micro-explosion was observed in diesel–ethanol
blends; however, these blends are not stable without addition of
RME. Secondary droplets resulted from the puffing and explosion
of primary droplet were observed to undergo further explosion.
The time scale for the complete disintegration of the droplet from
the start of explosion were smaller for the smaller droplet, and it
was comparable to the time scales associated with spray mixing
process in diesel engines. From NIST data, the variation of boiling
temperature with pressure for ethanol indicates an increase in its
boiling temperature with pressure (approximately 500 K at
45 bar) [27]. The temperature of in-cylinder air during injection
and early combustion will of the order 800 K which could be a suf-
ficient source of superheat leading to rapid evaporation of ethanol
that causes puffing and micro explosion. In a study on micro explo-
sions of fuel droplets under high pressure, Wang and Law [28]
demonstrated that increasing pressure enhances the onset of micro
explosion. From the above data, it can be corroborated that diesel–
biodiesel–ethanol blends used in our study have a potential to
undergo micro explosion at conditions encountered in diesel
engines during injection and pre combustion phases. However, for
precise understanding, studying micro explosion of diesel–biodie
sel–ethanol blends at elevated pressures could be an interesting
problem for future research.
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